The primary goal of virtually all organisms is to produce genetic offspring, thereby passing on their genes to future generations. Offspring production, however, is limited by available resources within an environment. Moreover, distributing sufficient energy among competing physiological systems is challenging and can result in trade-offs between self-maintenance and offspring investment when resources are limited. In the current study, we tested the hypothesis that the adipose hormone leptin is involved in mediating energetic trade-offs between competing physiological systems. Specifically, we tested the effects of elevated maternal leptin on investment into offspring production versus self maintenance (immune function), in the Siberian hamster (Phodopus sungorus). The current study provides the first evidence that leptin serves as a signal to mothers of available energy resulting in epigenetic effects. Therefore, elevated leptin allows females to retain more embryos to parturition, and rear more offspring to weaning via reduced maternal infanticide. Innate immune response was suppressed seemingly as a result of these enlarged litters, suggesting that the observed fitness increase is not without costs to the mother. Collectively, these findings suggest that leptin plays a critical role in allowing mothers to determine how much energy to invest in the production and care of young versus self-maintenance.
INTRODUCTION
The production of offspring is an energetically costly process in all organisms and can thus limit the concurrent allocation of energy resources to other important physiological functions within the mother. Likewise, it is vital for organisms to maintain adequate health in order to survive and reproduce. For example, studies have shown significant elevations in metabolic expenditure during pregnancy and lactation as well as during specific immune responses (Demas et al. 1997; Mauget et al. 1997; Nilsson & Raberg 2001; Martin et al. 2003) . Therefore, allocating sufficient energy resources to multiple energetically costly functions is a challenge, and trade-offs among these functions often result when energy is limited. Yet, the resulting trade-offs and their underlying physiological mechanisms remain unclear.
Immune function is suppressed during breeding stages across a wide range of species, concurrent with increased energy expenditure required for courtship, territorial defence or pregnancy (Cichon et al. 2001; Drazen et al. 2003 ; for review see Zuk & Stoehr 2002) . For example, immune function is suppressed during pregnancy and lactation in the Siberian hamster (Phodopus sungorus) (Drazen et al. 2003) . Moreover, changes in sex steroid hormones, such as testosterone and oestradiol, that occur during reproduction can exert pronounced effects on various components of the immune system (Saino et al. 1995; Casto et al. 2000; Greives et al. 2006) . For example, elevated testosterone in breeding dark-eyed juncos ( Junco hyemalis) suppresses cell-mediated immunity (Casto et al. 2000) . In addition, exogenous treatment with oestradiol or testosterone in gonadectomized Siberian hamsters results in enhanced cell-mediated immune function (Bilbo & Nelson 2001) . It remains unclear, however, whether these results are due directly to changes in hormonal signalling or indirectly via changes in energetic expenditure and investment (Owen-Ashley et al. 2004) .
Pregnancy and lactation in particular are times of an extreme energetic bottleneck and result in significant behavioural, hormonal and energetic changes within an animal. These changes include marked increases in resting metabolic rate (Mauget et al. 1997; Nilsson & Raberg 2001) and decreased fat reserves (Day et al. 2002) . Many studies demonstrate that specific immune components are suppressed during these reproductive stages. For example, cell-mediated immunity is suppressed during pregnancy across a variety of mammalian species (Weinberg 1984) . Furthermore, experimentally enlarging brood size impairs parental immune function in collared flycatchers (Ficedula albicollis) and nestling immune function in barn swallows (Hirundo rustica) (Cichon et al. 2001; Saino et al. 2002) . Pregnant females, however, must also maintain a sufficient level of antibody production for allocation to offspring. Thus far, it is unclear what physiological mechanisms underlie these energy allocation decisions.
Leptin presents a likely candidate for regulating reproductive/immune trade-offs. Leptin is a protein hormone secreted primarily by adipose tissue that serves as an indicator of fat reserves, and is also involved in immunoregulation (Drazen et al. 2000 (Drazen et al. , 2001 Demas & Sakaria 2005; Fantuzzi 2006 ). In mammals there is a well-established link between leptin, fat stores and organismal immunocompetence (Lord et al. 1998) , making it a likely candidate to mediate physiological trade-offs between the immune and other systems. Specifically, treatment of mice with leptin reverses the immunosuppressive effects of food restriction (Lord et al. 1998) . Leptin also fluctuates according to photoperiod and season (Rousseau et al. 2002; Gaspar-Ló pez et al. 2009 ). Siberian hamsters exposed to short, winter-like days typically exhibit decreased body fat and immunity; however, treatment with leptin attenuates this seasonal immunosuppression (Drazen et al. 2001) . Likewise, leptin treatment reverses the immunosuppressive effects of experimental lipectomy on humoural immunity (Demas & Sakaria 2005) . In addition, leptin is a permissive regulator of reproduction in mammals , whereby it allows reproduction to occur when resources are limited, but does not necessarily enhance it above normal function (Casanueva & Dieguez 1999; Baldelli et al. 2002; Margetic et al. 2002; Zieba et al. 2005) . Therefore, leptin may act as a physiological signal for the observed resource-based trade-offs that naturally occur between the immune system and other physiological systems in many organisms.
In the present study, we investigated the effects of altered leptin signalling on investment in offspring, versus investment in humoural and innate immunity in the Siberian hamster model. Thus far, most of the research in this area has focused on adult animals, while very little is known about maternal or trans-generational effects. Therefore, we focused on specific effects in offspring. We also examined passive maternal immunity, which involves the transfer of maternal antibodies to offspring via maternal lactation. This transfer can act as an additional energetic sink for the mothers, which is critical to offspring survival; however, this energetic cost is often overlooked. Siberian hamsters present an important model to examine these phenomena. Specifically, they display seasonal immunosuppression during the winter which is associated with decreased body mass and available body fat stores, but is not concurrent with breeding stage. As a result, hamsters breed in long summer-like days when resources are readily available, and they have large fat stores. Laboratory rats and mice are bred for their relative unresponsiveness to environmental variation, whereas hamsters are highly plastic, and display marked responses to even modest environmental fluctuations. Because, hamsters are less buffered from environmental perturbations, they are a good model to examine how animals modulate responses such as physiological trade-offs to energetic challenges. Studies have also demonstrated a suppressed antibody response in pregnant hamsters during the reproductive season (Drazen et al. 2003) , making them an ideal candidate to assess whether leptin serves as a mediator attenuating the observed immunosuppression.
To alter the maternal energetic signal, and examine whether leptin serves as a mediator of resource investment into offspring versus self, we experimentally elevated leptin in females paired with either intact or castrated male hamsters, via osmotic mini-pumps containing murine leptin, and all animals then underwent an immune challenge. We also sampled all resulting offspring for passive maternal immune investment, specifically maternal antibodies. We hypothesized that pregnant females would interpret elevated leptin levels as greater energy stores and thus generate antibody responses comparable to non-pregnant females, and above those of pregnant control females. Alternatively, elevated leptin may increase investment in offspring relative to self-maintenance, thereby exacerbating any pregnancy-associated immunosuppression.
MATERIAL AND METHODS
(a) Study system Adult female Siberian hamsters (n ¼ 40) were obtained from our breeding colony at Indiana University. All animals were initially group-housed (two to four per cage with same sex siblings upon weaning at 21 days of age), and maintained in long summer-like day lengths (light : dark, 16 : 8). Temperature (20 + 28C) and humidity (50 + 10%) were maintained constant. Ten days before the start of the experiment, animals were housed individually in polypropylene cages (28 Â 17 Â 12 cm), weighed and then randomly assigned to one of the two treatment groups: paired with an intact adult male or paired with a castrated adult male (control). Five days after pairing, females were separated from males and housed individually. All animals were given ad libitum access to food (Purina rat chow, St Louis, MO, USA) and water throughout the study. Food intake was monitored daily and female body mass was measured weekly throughout the study except for the 5 days when females were paired with males. Food intake was also measured for 5 days prior to pairing with a male to assess baseline pre-pregnancy, pre-hormone, intake levels (starting 5 days post-individual housing). Finally, after the 18-day gestation period, litter size and number were measured on the initial birth date and daily thereafter.
Animals that were paired with intact males, but failed to become pregnant were included in the control group for analyses to increase statistical power; however, their inclusion did not significantly alter the analyses. Of these animals, two leptin-treated and two vehicle-treated animals paired with intact males did not become pregnant and were included in the control group. This resulted in the following sample sizes: pregnant leptin, n ¼ 10; pregnant vehicle, n ¼ 10; control leptin, n ¼ 10; control vehicle, n ¼ 10.
(b) Leptin manipulations and immunizations After the five-day pairing, the pairs were separated and all animals were implanted with osmotic minipumps under isoflurane anaesthesia (Alzet 2002; 200 ml volume; 0.5 ml h 21 delivery rate; 14 days; Alzet Scientific, Mountain View, CA, USA). Half of the females paired with intact males and half of the females paired with castrated males were randomly assigned to receive minipumps containing recombinant murine leptin (n ¼ 20; 2.6 mg ml 21 leptin;
Peprotech Inc., Rocky Hill, NJ, USA) dissolved in 0.5 M Tris buffer (Drazen et al. 2001) . The remaining animals received minipumps containing vehicle (n ¼ 20; 0.5 M Tris buffer) (Drazen et al. 2001) . Three days after implantation of the minipumps (day 0), all hamsters received a single 100 mg subcutaneous injection of the antigen keyhole limpet haemocyanin (KLH), to which all animals were previously naive, suspended in 0.1 ml sterile saline. All animals were then returned to the colony room. KLH is an innocuous respiratory protein derived from the giant keyhole limpet (Megathura crenulata). KLH was used because it generates a robust antigenic response in rodents, but does not make the animals sick (e.g. prolonged inflammation or fever). Body mass was measured initially upon individual housing, prior to pairing and implantation treatments, and then weekly throughout the experiment. Body mass was important both to track pregnancy, and assess the health and condition of animals within a treatment.
(c) Blood sampling and adipose measurements On days 5 and 10 post-KLH injection, a blood sample was taken to measure serum concentrations of leptin (day 10) and KLH-specific antibodies (days 5 and 10). Days 5 and 10 incorporate the peak rises in immunoglobulins IgM and IgG, respectively. IgM is the initial immunoglobulin secreted following an immune challenge (measured from day 5 sample), and IgG is the principal circulating immunoglobulin present throughout an immune response (Demas et al. 1997; Drazen et al. 2000) . IgG is also transferred to the offspring during pregnancy and lactation. On the day of sampling, animals were brought into the surgery room, lightly anaesthetized with isoflurane vapours (Sigma Chemical), and blood samples were drawn from the retro-orbital sinus between 1000 h and 1200 h. Samples were allowed to clot for 1 h, the clots were removed and the samples centrifuged (at 48C) for 30 min at 2500 r.p.m. Serum aliquots were aspirated and stored in sealable polypropylene microcentrifuge tubes at 2808C until assayed for IgM and IgG.
On day 16 post-implantation, after all pregnant females had given birth, animals were euthanized and necropsies were performed to assess uterine and fat pad masses. Uterine mass was important to assess reproductive function, whereas fat stores are also an important indicator of reproductive condition. We removed PWAT, RWAT and inguinal WAT (IWAT) pads from all hamsters. All tissues were cleaned of connective tissue and weighed to the nearest 0.1 mg blind to experimental treatment.
Finally, litters were euthanized via rapid decapitation and trunk blood was collected and pooled within a litter to attain sufficient sample volume. All samples from the offspring in a given litter were pooled into a single sample for analysis. Offspring blood samples were collected prior to offspring immune system development (i.e. prior to post-natal day 7). Therefore, immune components measured from offspring samples were representative of maternally transferred immune components.
(d) Circulating leptin Serum leptin levels were assayed from samples using LINCO (Millipore, St Charles, MO, USA) mouse leptin enzymelinked immunosorbent assay (ELISA) kits. Due to a large sample size, serum leptin concentrations were assayed within two separate ELISAs using a 1 : 2 dilution, performed according to assay instructions. The intra-assay variability for each plate was 1.0 per cent and 5.3 per cent, and the inter-assay coefficient of variation was 11 per cent.
(e) Humoural immunity To assess humoural immunity, microtitre plates were coated with antigen by incubating overnight at 48C with 0.5 mg ml 21 KLH in sodium bicarbonate buffer (pH 9.6).
Plates were then washed with phosphate-buffered saline (PBS; pH 7.4) containing 0.05 per cent Tween 20 (PBS-T; pH 7.4), and blocked with 5 per cent non-fat dry milk in PBS-T overnight at 48C to reduce non-specific binding, and then washed again with PBS-T. Thawed serum samples were diluted 1 : 20 with PBS-T, and 150 ml of each serum dilution was added in duplicate to the wells of the antigencoated plates. Positive control samples (pooled sera from hamsters previously determined to have high levels of anti-KLH antibodies, similarly diluted with PBS-T) and negative control samples (pooled sera from KLH-naive hamsters, similarly diluted with PBS-T) were also added in duplicate to each plate; plates were sealed, incubated at 378C for 3 h, then washed with PBS-T. A secondary antibody (alkaline phosphatase-conjugated anti-hamster IgG (Rockland, Gilbertsville, PA, USA); and anti-mouse IgM diluted 1 : 500 with PBS-T (Cappel, Durham, NC, USA)) was added to the wells, and the plates were sealed and incubated for 1 h at 378C. Plates were washed again with PBS-T and 150 ml of the enzyme substrate p-nitrophenyl phosphate (Sigma Chemical; 1 mg ml 21 in diethanolamine substrate buffer) was added to each well. Plates were protected from light during the enzyme-substrate reaction. The optical density (OD) of each well was determined using a plate reader (BioRad, Benchmark; Richmond, CA, USA) equipped with a 405 nm wavelength filter and the mean OD for each set of duplicate wells was calculated. To minimize intra-assay variability, the mean OD for each sample was expressed as a per cent of its plate positive control OD for statistical analyses.
(f ) Innate immunity The bactericidal assay was performed in a sterile laminar flow hood. This assay is advantageous because it measures a functional response by the animal's innate immune system against a relevant pathogen, Escherichia coli (Irene Tieleman et al. 2005) . In short, a bacterial stock solution was prepared by adding one pellet of lyophilized E. coli (E powerTM Microorganisms no. 0483E7, ATCC 8739, MicroBioLogics, St Cloud, MN, USA) to 40 ml of 1 M sterile PBS. The solution was activated via incubation at 378C for 30 min. Immediately following incubation, the bacterial working solution was prepared by diluting 2 ml of the stock solution into 8 ml 1 M PBS. Meanwhile, serum samples were diluted 1 : 20 in CO 2 -independent media (Gibco no. 18045, Carlsbad, GA, USA) containing 2.34 mg of L-glutamine (Sigma-Aldrich). Twenty microlitres of the bacterial working solution was added to each diluted sample and the mixture was allowed to incubate at 378C for 30 min to induce bacterial killing. After incubation, 50 ml of each sample was added to tryptic soy agar plates in duplicate. All plates were covered and left to incubate upside down (prevents condensation from collecting on developing colonies) overnight at 378C. After 24 h, colony numbers were counted and bactericidal capacity was calculated as 100 per cent minus the mean number of colonies for each sample divided by the mean of colonies for the positive controls (containing only media and bacterial solution), i.e. percentage of bacteria killed relative to the positive control.
(g) Statistical analyses
Differences among all dependent measures were determined using separate two-way (pregnancy Â hormone treatment) analyses of variance (ANOVA) (JMP 7.0.1 SAS Institute Inc., Cary, NC, USA). When significant interactions were present, separate one-way ANOVAs were used to test main effects. Differences among litters of pregnant females were determined using one-way ANOVA. The changes in body mass and food intake over time were compared using Leptin increases maternal investment S. S. French et al. 4005
two-way and one-way repeated measures ANOVAs, respectively ( JMP 7.0.1 SAS Institute). Within-subject comparisons violated assumptions of sphericity, and were therefore Greenhouse -Geisser (GG)-corrected. Again, when significant interactions were present, separate oneway repeated measures ANOVAs were used to test main effects. In all cases, differences between group means were considered statistically significant if p 0.05.
RESULTS (a) Leptin
The results on leptin treatment of pregnant and control females showed a significant interaction, such that pregnant and control animals responded differently to the hormone treatments (F hormoneÂ pregnancy ¼ 5.50; d.f. ¼ 1,35; p ¼ 0.025; figure 1 ). Separate one-way ANOVAs, revealed that pregnant vehicle-treated females had lower leptin levels than pregnant leptin-treated females (F ¼ 19.10; d.f. ¼ 1,18; p , 0.01; figure 1 ). Similarly, control vehicle-treated females had lower leptin levels than control leptin-treated females (F ¼ 9.76; d.f. ¼ 1,18; p , 0.01; figure 1).
Circulating leptin levels did not differ significantly between pregnant and control leptin-treated females (F ¼ 0.33; d.f. ¼ 1,18; p ¼ 0.57; figure 1 ). Within the vehicle-treated group, however, pregnant females had significantly higher leptin levels than control females figure 2b ). This maternal culling of litter size is a common practice in many small rodent species (McClure 1981; Bronson & Marsteller 1985; Schneider & Wade 1989) . Owing to maternal infanticide, the mean difference in final litter size (both number and mass) was even greater between groups (all F . 5.3, all p , 0.04; figure 2c ).
(c) Body mass and food intake Individual repeated measures ANOVAs for pregnant and control groups revealed that, in pregnant animals, body mass increased over time (F time ¼ 35.33; d.f. ¼ 1,23; p , 0.01; GG-corrected) but not according to hormone treatment or time Â hormone treatment interaction (all F , 0.26; all p . 0.62; interaction GG-corrected). These results suggest that the treatments do not differ from one another over time. The results are similar for control animals, where body mass changed over time (F time ¼ 8.95; d.f. ¼ 1,31; p , 0.01; GG-corrected) but not according to treatment or time Â treatment interaction (all F , 0.55, all p . 0.56; GG-corrected).
Food intake was subdivided into five different time periods: (i) baseline (pre-pairing with males); (ii) pre-KLH injection (post-pairing with males); (iii) pre-day 5 bleed (post-KLH injection); (iv) pre-day 10 bleed (post KLH injection); and (v) post-pump function (i.e. no longer receiving exogenous leptin). Pregnancy states were analysed separately using repeated measures ANOVAs. For both pregnant and control females, food intake changed over time (all F . 49.42, all p , 0.01; GG-corrected), but not according to hormone treatment or a hormone treatment Â time interaction (all F , 2.25, all p . 0.14). Paired t-tests within pregnant and control groups revealed that leptin-treated animals in both groups increased their food intake to a greater degree than vehicle-treated animals after the pumps stop delivering leptin (all t . 4.29, all p , 0.05; figure 3) figure 4a ), such that pregnant animals had significantly higher IgM levels than control animals regardless of leptin treatment. There was no effect or interaction with leptin treatment on IgM levels (all F , 0.10, all p . 0.75). There was also no effect of pregnancy state, leptin treatment or interaction on IgG levels (all F , 0.25, all p . 0.62; figure 4b ). (f) Passive immunity Serum samples from individuals within a litter were combined to achieve sufficient volume to run the assay. We found a trend towards pups from leptin-treated mothers (91. figure 5 ).
DISCUSSION
The number of successfully weaned or fledged offspring probably predicts lifetime reproductive success in small vertebrate species (Lack 1947 (Lack , 1948 Williams 1966 ). Thus, selection should favour mechanisms that allow females to maximize litter size given sufficient resources. In nature, however, energetic resources are often limited, thus resulting in the abortion or resorption of embryos or the maternal reduction of litters (McClure 1981; Bronson 1985; Bronson & Marsteller 1985; Schneider & Wade 1989) . In order to make these key fitness decisions, females must be able to reliably evaluate their energy status. The current study provides the first evidence that leptin serves as a signal to mothers of available energy stores, thereby allowing individuals to retain more embryos to parturition and rear more offspring to weaning or fledging. The observed fitness increase is not without costs to the mothers; one particular immune component was suppressed seemingly as a result of these larger litters. Overall, the results of this study support the hypothesis that leptin serves as a hormonal signal-mediating resource among physiological systems, such as the reproductive and immune systems. Leptin-treated females had significantly larger litters than vehicle-treated females, suggesting that leptin signalled greater resource (fat) stores in these females permitting them to produce larger litters, perhaps via decreased resorption of embryos. While there were no clear adverse effects to the humoural immune system, the innate branch (measured by bacterial killing ability), was suppressed in leptin-treated mothers with larger litters.
Interestingly, leptin treatment also prevented postpartum maternal litter reduction or infanticide, which is often observed in females. In many rodent species, including hamsters, females cannibalize one or more pups, especially right after birth (McClure 1981; Bronson & Marsteller 1985; Schneider & Wade 1989) . This may provide the required energy to compromised females, while simultaneously decreasing the energy demand by larger litters for milk production. Presumably, high leptin levels communicate sufficient resources to treated mothers, deterring these females from cannibalizing offspring. Studies have shown reduced resource availability and maternal body weight composition can lead to maternal infanticide (Schneider & Wade 1989) . The pregnant females in the current study had significantly reduced fat stores (i.e. PWAT and RWAT). RWAT has been shown to be an important fat store that varies seasonally, relative to their control counterparts. Therefore, leptin may provide a false signal of enhanced body condition to leptin-treated mothers, preventing them from cannibalizing their offspring. In comparison, 40 per cent vehicle-treated females consumed at least one pup.
The energy required to produce and sustain larger litters is substantial; however, there were no differences in food intake or fat stores between leptin-and vehicle-treated mothers. This is not an uncommon result in Siberian hamsters, where other multiple studies find no effect of leptin on body mass or food intake in long-day animals (i.e. similar to the ones in this study), but do find an effect on other physiological systems (i.e. fat stores, immunity) (Drazen et al. 2001; Rousseau et al. 2002; Demas & Sakaria 2005) . Although control and induced levels of leptin were comparable to previous studies in long-day housed hamsters (Rousseau et al. 2002; Demas & Sakaria 2005) , some of which demonstrated leptininduced immunoenhancement in energetically challenged individuals (Drazen et al. 2001; Demas & Sakaria 2005 ), no effect on humoural immunity was observed in the present study. Previous studies were conducted in males and ovariectomized females, and the treatments used in these studies differed (i.e. using lipectomies or photoperiodic decreases in fat stores and intake versus pregnancy), which could partially account for differing results (Drazen et al. 2001; Demas & Sakaria 2005) . Temporal differences in study design, including leptin treatment and antigen challenge, may also account for these differences. In addition, alternative measures of humoural immunity (e.g. total immunoglobulin counts, alternative antigen challenge) may reveal different results.
One potential explanation for the disparate humoural immune results in the current study is that animals are foregoing the leptin-induced immune enhancement that has been observed in previous studies. For example, leptin treatment has been shown to increase both the production of proinflammatory cytokines and phagocytosis (Loffreda et al. 1998) . Exogenous leptin treatment has also been shown to ameliorate the immunosuppressive effects of experimentally reduced body fat (i.e. experimental excision of body fat), as well as naturally occurring seasonal reductions in immune function (Drazen et al. 2001; Demas & Sakaria 2005) . Across these studies leptin plays a permissive role without additional immune enhancement occurring in immunocompetent control animals (Drazen et al. 2001; Demas & Sakaria 2005) . In the present study leptin treatment did result in similar changes to fat stores as observed in previous studies. Leptin, however, did not enhance immune function in either pregnant or control females, as might be expected. Presumably, the reduced bacterial killing observed in leptin-treated pregnant females may have been due to the energetic demands needed to gestate and nurse a larger than average litter. In fact, the innate immune response is suppressed in pregnant leptin-treated Figure 3. Food intake over time. There was a significant difference in food intake among treatments for 'post-pump' intake and a significant time Â treatment interaction for 'pre-day 10 bleed' and 'post-pump' intake periods. Food intake changed significantly over time in all the analyses. Leptin-treated animals in both groups increase their food intake to a greater degree than vehicle-treated animals after the pumps stop delivering leptin, suggesting that leptin treatment was suppressing intake. females, further suggesting energy allocation away from other systems towards the production of offspring. Although all animals in this study were fed ad libitum, there was no significant effect of leptin treatment on food intake while the leptin pumps were active. Whereas pregnant females ate significantly more food than controls during the post-pump time period, there were no detectable differences earlier in the study. There were also no overall differences between leptin-and vehicle-treated animals in food intake, which is a common result in this species. Previous studies in long-day housed hamsters do not find an effect of leptin on food intake, but do demonstrate leptin-related immunological changes (Drazen et al. 2001) . Therefore, even though leptin-treated females were producing larger litters, they did not compensate by increasing their intake, as might be expected. Leptin-treated mothers significantly increased food intake relative to vehicle-treated mothers, when the osmotic mini-pumps were depleted (14 days), suggesting that they are in an energy deficit and this deficit is masked by leptin treatment. Both pregnant groups also increased food intake during the post-pump period, probably due to the high costs of lactation (Cripps & Williams 1975 ). In fact, many studies show that leptin treatment decreases food intake, signalling to animals that they have sufficient energy reserves, regardless of their actual energy state (Mistry et al. 1997; Henry et al. 1999) . The observation that leptin females did not decrease food intake, combined with the lack of an equivalent increase in food intake in females with larger litters, may be due to exogenous leptin treatment, thereby resulting in the necessary suppression of innate immune function.
Recent evidence suggests that maintenance of innate immune function requires significant energy investment (Lee & Klasing 2004) . It would therefore make sense that this energetically costly process is suppressed in pregnant leptin-treated females in response to increased reproductive investment. Most studies across mammalian species demonstrate decreased immunity, including production of certain antibodies, during pregnancy (Weinberg 1984; Medina et al. 1993 ). In fact, previous studies in Siberian hamsters show decreased anti-KLH IgM response during pregnancy (Drazen et al. 2003) . We neither observed any pregnancy-related decrease, nor any change in response to increased litter size in leptin-treated females (either IgG or IgM; figure 4). In fact, IgM production was enhanced in all pregnant females. This finding is not surprising given that pregnant females passively deliver antibodies to their offspring via both the placenta during pregnancy and milk during lactation (Butler 1969) . Although IgM cannot be transferred to offspring, it is a precursor to IgG production, which may be transferred to offspring (Brambell 1958; Freda 1962; Klaus et al. 1969) . Therefore, the lack of a difference in IgG levels among adult females may be, in part, because maternal IgG is being sequestered in the offspring. Antibody production, in this context, can therefore also be considered a form of reproductive/parental investment. The observed increase in IgM levels that is converted to IgG in order to allow transfer to offspring, may also allow females to avoid a substantial personal deficit during periods of passive transfer (i.e. lactation). Instead, leptin-treated pregnant females who have . Effects of leptin treatment and pregnancy on maternal antibody production. Pregnant females had significantly elevated anti-KLH IgM (a) production compared with control animals. There was no significant difference in anti-KLH IgG (b) among groups; however, IgG antibodies are delivered passively to the offspring via lactation which could explain the absence of a difference among pregnant and control females. In addition, pups from leptin-treated mothers trended towards having decreased anti-KLH IgG when compared with pups from vehicle-treated mothers (p ¼ 0.06). Asterisks denote statistically significant differences (a ¼ 0.05 level). Error bars represent +1 s.e. more pups have suppressed bacterial killing ability (innate immune response) relative to vehicle-treated pregnant females (figure 4). Vehicle-treated pregnant females did not differ significantly in their bacterial killing ability from non-pregnant females. Collectively, these results suggest that leptin serves as a proximate endocrine signal of available energy. Instead of attenuating previously observed immunosuppression, it enhances investment into reproduction, thereby resulting in the suppression of certain components of selfmaintenance (i.e. innate immunity). These results provide the first evidence that leptin serves as a signal to mothers, thus influencing the allocation of available energy. Leptin exerts trans-generational effects, increasing overall litter size and blocking maternal infanticide, resulting in a larger number of weaned offspring and thereby increasing maternal reproductive success. These results further emphasise the context-dependent nature of physiological trade-offs; they are dynamic and adjusting to current environmental conditions, including energetic signals (e.g. leptin). In the current study we masked this honest energetic signal by supplying mothers with exogenous leptin. Perhaps, the most significant finding is that the physiological mechanisms in place have evolved to protect investment in reproduction, thereby resulting in a potential reduction in selfmaintenance. Future studies will examine long-term generational effects of leptin-induced reproductive enhancement.
